reduced PM levels by (mean ±SD) 71% ±3%, 81% ±1%, and 89% ±1%, respectively, immediately after spraying. The PM reductions were still significant 24 h after spraying, averaging 57% ±4%, 71% ±5%, and 83% ±1%, respectively. There was no significant difference (p = 0.30 to 0.43) onventional cage systems account for about 95% of the total non-organic egg production in the U.S. (Xin, 2016; UEP, 2016) ; however, shifting from conventional cage to cage-free systems is occurring due to increasing public concerns and perceptions of animal welfare. The European Union (EU) banned conventional cage production in 2012 and replaced it with enriched colony or cage-free systems according to the EU Directive on welfare of laying hens (Appleby, 2003; Alberdi et al., 2016) . In the U.S., a number of grocery and restaurant chains, food distributors, and hospitality firms have pledged to source only cage-free eggs by 2025 (Xin, 2016) . As a result, cage-free egg production is increasing in the U.S. and around the world.
Aviary hen housing is a typical cage-free system being adopted in the U.S. and Europe as an alternative housing operation (Hannah et al., 2011; Xin et al., 2011; Zhao et al., 2013a) . Aviary hen housing offers hens the opportunities to exercise their natural behaviors (i.e., perching, dustbathing, foraging, and laying eggs in a nest) and more space to do so as compared with conventional cage systems. However, previous studies have shown that cage-free hen houses such as aviary systems have many environmental challenges (Takai et al., 1998; Xin, 2016) . Particulate matter (PM) concentrations and emissions are high in aviary hen houses due to accumulation of floor litter (a mixture of hen manure and bed-ding materials), increased hen activities, and dry litter conditions (e.g., 10% to 15% floor litter moisture content, or LMC) (Ellen et al., 2000; Hayes et al., 2013; Shepherd et al., 2015; Zhao et al., 2015) . Zhao et al. (2015) compared PM levels in three types of laying hen houses and found that the daily mean PM 10 level in aviary hen houses was about 6 to 9 times that of conventional cage (manure belt) and enriched colony houses. The PM 10 level was higher than the 24 h concentration threshold of 150 μg m -3 set by the U.S. Environmental Protection Agency to protect public welfare (USEPA, 2015) . PM can also serve as a carrier of airborne microorganisms and endotoxins that, once inhaled, may cause infection or trigger respiratory diseases in animals and their caretakers (Zhao et al., 2016) . Therefore, mitigating PM generation and emissions is critical to protecting the health and well-being of the laying hens and their caretakers, as well as improving the environmental stewardship of the cage-free egg production operation.
Spraying liquid agents, such as tap water, acidic water, electrolyzed water, a mixture of water and soybean or canola oil, etc., has been tested to reduce dust levels or disinfect livestock and poultry houses (Takai and Pedersen, 2000; Kim et al., 2006; Zheng et al., 2012; Zhao et al., 2014; Adell et al., 2015) . Ikeguchi (2002) sprayed a 2% solution of emulsified canola oil every 30 min at a dosage of 14 g bird -1
in a caged layer house and reported over 40% reduction in PM concentration. Zheng et al. (2014) sprayed both regular tap water and slightly acidic electrolyzed water (SAEW) onto laying hen litter and found no difference between tap water and AEW in PM reduction. However, spraying AEW at a dosage of 80 mL m -2 reduced airborne bacteria (>2.1 μm) by up to 49%, whereas spraying tap water showed no reduction in bacteria. Although spraying AEW has a positive effect on disinfection and PM reduction in laying hen houses, higher dosages of liquid agents may increase ammonia (NH 3 ) generation from the litter due to elevated LMC, which accelerates microbial decomposition of nitrogenous compounds in the litter (Groot Koerkamp, 1998; Yang et al., 2000; Liu et al., 2007) . Ogink et al. (2012) reported that spraying water at 150 to 600 mL m -2 on the top layer of litter reduced PM 10 and PM 2.5 by 18% to 64% in an aviary hen house but increased NH 3 emissions by 21% to 65%. In addition to spray dosage, the pH value of the spray agent can affect the ammonium-ammonia (NH 4 + -NH 3 ) equilibrium in the litter and manure, and NH 3 volatilization tends to increase with increasing manure pH (Groot Koerkamp, 1998; Ni, 1999) . Controlling NH 3 and PM levels inside a poultry house is equally important for the well-being of the animals and workers. The recommended NH 3 threshold in layer houses is 25 ppm (18 mg m ), respectively (NIOSH, 2007) . Therefore, a balanced combination of spray dosage and pH value needs to be identified for controlling PM, NH 3 , and bacteria levels in commercial aviary hen houses.
The objectives of this lab-scale study were: (1) to test the effect of spray dosage and pH value of AEW on PM and NH 3 generation and emissions, and (2) to identify the optimal combination of AEW spray dosage and pH for reduction of PM and NH 3 emissions.
MATERIALS AND METHODS

EXPERIMENTAL SETUP
Four identical dynamic emission chambers (DECs, 86 cm × 46 cm × 66 cm each; fig. 1 ) located in an environmentally controlled room at Iowa State University were used for this experiment. One DEC served as the control (with no AEW spray), and the other three systems served as treatment DECs. Litter samples from a commercial aviary hen house were stored in 50 L containers. Litter in the treatment DECs was sprayed with AEW once a day between 11:30 h and 12:00 h. The vertical distance between the spray nozzle (WL-1/4-90, BETE Fog Nozzle, Inc., Greenfield, Mass.) and litter surface was about 20 cm. A metal rake designed by our group and a step motor (HT34-478/506 Applied Motion Products, Watsonville, Cal.) were used for tilling the litter to mimic bird scratching activities on the litter. A rotational speed of 12 rpm (determined based on the target PM concentrations in all four DECs before AEW spray) was used in all DECs, and the tilling was conducted from 12:00 to 22:00 h, which corresponded to the litter access period for laying hens in commercial aviary houses. The air temperature (T), relative humidity (RH), and ventilation rate (VR) of the DECs were controlled to nearly identical conditions (i.e., T = 21°C, RH = 60%, and VR = 6 L min -1 ) before spraying the AEW. The VR used in these DECs reflected the air exchange rate of cage-free hen houses (approx. 1.5 air changes per hour) during cold weather in the Midwest . The DECs were cleaned after each measurement. Assignments of the control or treatments were randomized among the DECs and distributed to avoid potential DEC effect.
SPRAYING AGENT AND TEST ARRANGEMENT
AEW was sprayed at three dosages (25, 50, and 75 mL kg . The AEW was produced using an electrolyzing container with 0.1% NaCl solution. The FC was produced at a rate of 4.9 mg L -1 min -1 at 8 VDC . The AEW pH values of 3, 5, and 7 were adjusted by adding the corresponding dosages of 85% phosphoric acid (H 3 PO 4 ).
Three treatment combinations (TCs) with the same spray dosage (25, 50, or 75 mL kg ) were tested in the same measurement period (MP), and each TC was randomly assigned to a DEC (table 1) . Each MP included six days of testing (five sprayings on days 1 to 5 and no spraying on day 6) and two days of downtime, i.e., a total of eight days. Therefore, each replicate of all three dosages took 24 d, and three replicates were conducted in this study (table 2) .
LITTER HANDLING
Litter samples collected from an aviary hen farm (when the hens were about 58 weeks old) in Iowa were transported to our laboratory in plastic bags to prevent nutrient and moisture loss and then stored in a freezer (-20°C) to preserve the litter nitrogen content before experimental use. Following a complete mixing, a specific amount of litter (6 kg dry basis litter for each DEC treatment and a total of 24 kg for the four DECs in each treatment combination) was transferred to a cold room (4°C), thawed for two days, and then placed at room temperature for one day before experimental use. The next 24 kg of litter was prepared two to three days before the end of the previous test to minimize downtime between measurement periods. The thawed litter was completely mixed, equally divided, and randomly assigned to the four DECs for testing.
For tracking the changes in LMC of the control and treatments, two dishes of litter (about 10 g each) were sampled from each DEC for drying in a 105°C oven for 24 h on day 1 (before AEW spray), on day 3 (after two sprays in the treatment DECs), and on day 5 (after four sprays). The LMC (%) was calculated with the following equation:
where LMC = litter moisture content (%) LWW = litter wet weight (g) LDW = litter dry weight (g). Approximately 47 g of fresh manure (from hens of another project in our lab) was added to each DEC between 12:00 and 13:00 h each day to mimic fresh manure excretion from laying hens. Details of the calculation for this fresh litter addition are shown in table 3.
DATA ACQUISITION AND ANALYSIS
Concentrations of NH 3 in the exhaust air of each DEC were measured continually with a rapid-response and high- [a]
TC6 (pH5-D75) TC7 (pH7-D25) Control (no spray) [a] MP = measurement period; each MP lasted six days plus two days of downtime. Tests are identified as pHx-Dy, where x is pH value, and y is spray dosage (mL kg -1 dry litter d -1 ). DEC = dynamic emission chamber. [a] Information about the hen house was based on Zhao et al. (2015) .
precision photoacoustic multi-gas analyzer (model 1412, Innova AirTech Instruments, Ballerlup, Denmark). Because one gas analyzer was used to measure all four DECs, the air samples from all locations were taken sequentially using an automatically controlled gas sampling system. To ensure accurate measurement, each DEC was sampled for 12 min, with the first 10 min for stabilization and the last 2 min for measurement. This sequential measurement yielded 1 h data of gaseous concentrations. The gas analyzer was checked weekly with standard zero and span gases. An optical sensor (Dusttrak DRX Aerosol Monitor 8533, TSI, Inc., Shoreview, Minn.) was used to measure mass fraction concentrations (particle size range from 0.1 to 15 μm) for PM 1 , PM 2.5 , PM 4 , PM 10 , and total suspended particulate (TSP) simultaneously in the aerosol concentration range of 0.001 to 150 mg m for 24 h at 10 s time constant. The sensor was calibrated once a week with a zero filter and a 2.5 μm inlet impactor. The air temperature, RH, and ventilation rate of the DECs were also monitored. The RH/T sensors and mass flowmeters were calibrated at the beginning of the experiment and checked weekly during the experiment. A LabView program and associated I/O hardware ( fig. 2 ) (National Instruments Co., Austin, Tex.) were used to monitor and collect data and control the operations of the mixing rake motor and gas sampling solenoid valves.
The ammonia emission rate (ER) of each DEC was determined with the ventilation rate and the concentration difference between the inlet air and exhaust air using the following equation (Liang et al., 2005) :
where ER NH3i = NH 3 emission rate of DEC i (i = 1, 2, 3, 4) (g kg ). Statistical analyses using Proc Means, Proc Mixed, Proc Reg, and Proc Corr in SAS (ver. 9.4, SAS Institute, Inc., Cary, N.C.) were performed to delineate the effect of AEW spray dosage and pH value on PM and NH 3 levels, to generate Pearson correlation coefficients between ammonia emissions and different variables, and to develop equations for predicting PM reduction and ammonia emissions based on dosage and/or pH value. Data on bacteria reduction were also collected, and the results will be reported in a subsequent companion article.
RESULTS AND DISCUSSION
THERMAL ENVIRONMENT AND LMC
Air temperature (T) in the control (21.5°C ±0.1°C) and treatment DECs (21.6°C ±0.1°C) was very similar to the ambient (room) temperature, which was controlled at 21.1°C ±0.1°C. In the treatment DECs, higher spray dosage resulted in slightly lower T due to the evaporative cooling effect of the sprayed AEW. There was no significant difference between T in the control and treatment DECs (p = 0.69). The control DEC had an RH level of about 60% all the time, but the treatment DECs had different RH levels after spraying AEW at different dosages. Higher spray dosage led to significantly higher RH levels in the treatment DECs (p < 0.05), and RH in the treatment DECs was 76% to 83% for spray dosages of D25, D50, and D75. The RH in the control DEC was relatively stable at 60% ±4%.
The LMC was about 10% before spraying AEW. Higher spray dosages resulted in higher LMC in the treatment DECs. On day 3 (after two sprays), LMC increased to about 13%, 16%, and 24% at spray dosages of 25, 50, and 75 mL kg , respectively. On day 5 (after four sprays), LMC increased to 15%, 26%, and 33% (table 4), respectively. The change in LMC from day 1 to day 3 to day 5 was consistent at each specific spray dosage in the three replicates, and the minor differences could have been caused by inconsistency in chamber airtightness, variations in VR, and RH of the air. For example, higher air RH in a DEC could hinder evaporation of moisture from the litter.
Spraying AEW at D25, D50, and D75 for five days increased LMC from 10% to about 13%, 18%, and 23%, respectively, which means that the original LMC was increased by 26%, 75%, and 120%, respectively. The LMC in the control DEC was relatively stable at 10% all the time. Adding fresh litter slightly increased the LMC, but the increase was offset by ventilation and by moisture evaporation due to tilling.
In the U.S., a common management practice for aviary houses is that the hens are given access to the litter area for most of the day (i.e., returning to colony enclosures at night), as compared to the EU practice of full-day litter access. This discrepancy likely leads to differences in LMC between U.S. and EU aviary houses (i.e., less access to or defecation in the litter area would result in faster drying and thus lower LMC of the litter). Our field measurement of LMC was 10% to 15% at a U.S. commercial aviary house with litter access of 10 to 12 h d -1 (Zhao et al., 2013b ). Therefore, the LMC level used in this study was representative of U.S. aviary hen housing conditions.
PM REDUCTION EFFICIENCY
Higher spray dosages led to significantly lower emissions or concentrations of PM for all five size fractions (PM 1 , PM 2.5 , PM 4 , PM 10 , and TSP) (p < 0.05) (table 5). For example, the concentrations of PM 2.5 were 9.7, 9.9, and 9.1 mg m -3 before spraying AEW and were reduced to 3.2, 2.0, and 1.0 mg m -3 after spraying AEW at 25, 50, and 75 mL kg There were no significant differences in reduction efficiency among the different PM sizes (p = 0.30 to 0.43). On average, spraying AEW at dosages of 25, 50, and 75 mL kg reduced PM levels by 71% ±3%, 81% ±1%, and 89% ±1%, respectively, 0.5 h after spraying (the PM levels became stable about 30 min after spraying). The PM reductions 24 h after spraying were still about 57% ±4%, 71% ±5%, and 83% ±1%, respectively. The reduction efficiencies for PM 10 (56% to 67%) and PM 2.5 (59% to 72%) at D25 were similar to the results reported by Ogink et al. (2012) for a spray dosage of 600 mL m -2 in an aviary hen house (64% for both PM sizes). Zhao et al. (2015) and Winkel et al. (2015) reported daily in the Netherlands, respectively, for aviary hen houses. PM 10 concentration in winter during the day occasionally exceeded 20 mg m -3 when hens were given access to the litter . The same exceedance of PM 10 concentration had also been reported by Hayes et al. (2013) for aviary hen houses (with brown hens) in Iowa. Therefore, the PM concentration in the current study was within the representative range, albeit on the high side to test the worst-case scenario. Another aspect worth considering is the difference in PM measurement height between Zhao et al. (2015) and the current study. The PM 10 concentration was measured at 1.5 m above the litter (i.e., the human breathing zone) by Zhao et al. (2015) but at 0.5 m in this study. As the majority of PM was generated by hen activities at litter level, the PM 10 level at 0.5 m is expected to be higher than the level at 1.5 m, where it is somewhat diluted by the air space and ventilation.
The linear relationship between spray dosage and PM reduction efficiency was regressed for two time periods (0.5 h after spraying and 24 h after spraying), as shown in figure 3 . The effect of spray dosage on PM reduction is higher at 24 h post-spraying than at 0.5 h post-spraying because the spray could settle into the sub-layer of the litter over time.
Increasing the spray dosage reduced the PM because of the elevated LMC. However, NH 3 emissions are expected to increase with higher LMC. In this study, spraying D75 for 4 d increased LMC from 10% to 33%. Ellen et al. (2000) indicated that VR could affect PM reduction efficacy in poultry houses, as increasing or decreasing ventilation would dilute or condense the PM concentrations. In this study, a constant VR was used. The bedding materials (e.g., type, amount, and ratio of bedding to manure) in aviary hen houses could also affect PM levels and reduction efficiency. The litter used in this study was collected from a commercial hen house where a small amount of sawdust was used as bedding on the floor, and most of the litter was hen manure.
NH3 EMISSION RATES
Daily emission rates (ERs) of NH 3 at different spray dosages are shown in table 6. Generally, lower spray dosages resulted in lower NH 3 ERs. For example, after spraying D25 for three days, the NH 3 ER was still below 1 g kg
at all pH levels on day 4. For D50 and D75, the NH 3 ER was in the range of 2 to 5 g kg pH 5 and pH 3 had relatively lower ERs. The last AEW spray was on day 5, but the highest NH 3 emissions occurred on day 6 for all spray dosages and pH values. This outcome presumably resulted from moisture (AEW) buildup in the litter. On day 7, NH 3 emissions were observed to continue increasing as compared to day 6 for D50 and D75 (MC at 20.9% ±0.2% for D50 and 29.2% ±0.9% for D75) at all pH levels. However, NH 3 emissions began to decline slightly for D25 due to the relatively drier litter (MC = 13.5% ±0.1%). Assuming that a hen produces 120 g of fresh manure at 75% moisture content, 1 kg of dry litter (mostly manure) is equivalent to approximately 33 hens. The NH 3 ERs at three levels of spray dosage and pH were compared to the control (no spray), and the results are summarized in table 7. The NH 3 ERs in the control group were 0.53 to 0.64 g kg . In the treatment DECs, higher spray dosages resulted in significantly higher NH 3 ERs (p < 0.05). The NH 3 ER for D75 was about 5 to 6 times that for D25 for all pH levels due to the higher LMC (22.6% vs. 13.0%). Meanwhile, spraying AEW with a higher pH value resulted in higher NH 3 emissions. AEW at pH 7 had 2 to 3 times higher NH 3 emissions than AEW at pH 3 for the same dosage.
Except for D25-pH3 and D25-pH5, all treatments exhibited significantly higher NH 3 ERs than the control due to the elevated LMC. On average, spraying AEW at D25-pH3 resulted in 14% elevation in NH 3 ER as compared to the control. According to Zhao et al. (2013b) , litter on the floor accounts for about 10% of total manure production in commercial aviary hen houses, but the emission contribution of the litter floor could be much higher. Assuming that the litter floor contributed 30% to 50% of barn emissions of NH 3 , the AEW spray may increase whole-barn emissions by potentially 4% to 7%. Commercial poultry litter additives and treatments (e.g., Al + Clear, Ferix-3, and PLT) have been shown to be effective in NH 3 reduction by our group (Li et al., 2008) . Litter additives will be tested with AEW spray to further reduce NH 3 levels in aviary hen housing during field verification testing.
The Corr procedure in SAS was used to develop the Pearson correlation coefficients (PCC, a statistical measure of the linear correlation between two variables, with higher values representing closer correlations) between NH 3 and spray dosage, LMC, and pH. Higher spray dosages resulted in higher LMC, with a PCC of 0.98. The PCC indicated that NH 3 emission is more linearly correlated to the LMC (PCC = 0.83) or spray dosage (PCC = 0.82) than the pH value (PCC = 0.46). Hence, a lower spray dosage should be considered for lesser elevation of NH 3 emissions while reasonably reducing PM levels. Quadratic equations were developed to estimate NH 3 ERs based on spray dosages at different pH levels (fig. 4) ) pH = pH value of AEW (3 to 7). In summer, spraying or sprinkling water to cool birds is an effective way to alleviate heat stress in poultry houses (Chepete and Xin, 2000; Wolfenson et al; 2001; Tao and Xin, 2003; Liang et al., 2014) . The NH 3 emissions of laying hen house would increase after sprinkling or spraying of tap or well water with a pH value higher than 7. According to the results of this study, adjusting the water pH value to 5 or 3 would be conductive to reducing NH 3 generation in the hen house and thus mitigate NH 3 emissions. The recommended AEW spray dosage of 25 mL kg ) can be prepared by diluting electrolyzed water (EW) with a higher FC concentration and adding a regular acid (e.g., phosphoric acid) to it (Zhao et al., 2013a . For our research, EW with a high FC concentration (up to 1000 ppm) can be generated with the electrolyzer developed by our group at a cost of less than $100 . According to our study, the total cost of materials (e.g., NaCl, phosphoric acid, and tap water) and electricity consumed to produce 200 L of AEW is less than $5. The annual cost of AEW for dust control in a 50,000-hen commercial aviary house would be less than $1,825, or $0.037 bird
. The price of a commercial EW or AEW generator may vary, depending on the brand and technical requirements. In addition, the initial cost of an AEW sprinkling system is estimated to be $8,000 for a 50,000-hen aviary house. The spraying system has a lifespan of 20 years (Weeden Environments, Inc., Woodstock, Ontario, Canada). Thus, the capital system cost would be about $0.008 bird for the dust mitigation system.
Field verification testing for this study will be conducted in a commercial aviary hen house in Iowa, where PM, NH 3 , and airborne bacteria emissions, litter bacteria concentrations, and hen behaviors after AEW spraying will be studied. LMC will increase with the spraying days, which could further elevate the litter NH 3 emissions and possibly affect bird behaviors such as dustbathing or foraging. For the D25 spray, LMC increased from 10% to 15% after five daily sprays, and it is expected to be higher if spraying continues. Hence, downtime between one period of spraying (e.g., a week) and the next will be tested in the field verification tests. In addition, AEW will be sprayed on the litter floor only, and caution will be exercised to avoid spraying or splashing AEW onto the metal structure of the houses, thus avoiding potential corrosion to the facility. Furthermore, the spraying will occur at night when hens are off the floor. Laying hen houses have a number of metal corrosion factors, e.g., gases, moisture, and bacteria (Zhu, 1995) . Spraying a liquid agent such as AEW may stress the problems associated with moisture or gases but could reduce bacteria levels. Therefore, the intricate interactive effects of AEW spray and existing corrosion factors on aviary hen housing facilities over months or years should be investigated in the future.
SUMMARY AND CONCLUSIONS
Three AEW application dosages with three pH levels were tested to assess their impacts on PM and NH 3 levels of cage-free aviary hen house litter. Spraying AEW resulted in a 71% to 89% immediate reduction in PM levels at spray dosages of 25, 50, and 75 mL kg due to the difference in litter moisture content (22.6% vs. 13.0%). When spraying the same dosage of AEW, pH 7 generated 2 to 3 times higher NH 3 emissions than pH 3. The NH 3 emissions for all nine treatment combinations were higher than the emissions of the control (no spray). However, the elevated NH 3 emissions for D25-pH3 and D25-pH5 were not significantly different from that of the control (p = 0.81 and 0.47, respectively). The Pearson correlation coefficients between NH 3 emissions and spray dosage (0.82) and pH value (0.46) indicated that spray dosage is more linearly correlated to NH 3 emissions than pH value (p < 0.05). Therefore, a lower spray dosage should be considered to minimize the elevation of NH 3 emissions while suppressing the PM levels.
Among the nine treatment combinations, D25-pH3 showed the lowest NH 3 emissions while reducing PM levels by 60% to 70%. Results of this study will serve as the basis for designing and optimizing a field-scale AEW spraying system for commercial aviary hen houses.
